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ABSTRACT 

The results of tests on an electric vehicle 
battery, using a simulated electric vehicle 
chopper-speed controller, show energy output losses 
up to 25 percent compared to constant current dis- 
charges at the same average current of 100 A. How- 
ever, an energy output increase of 22 percent is 
noticed at the 200 A average level and 44 percent 
Increase at the 300 A level using pulse discharg- 
ing. Because of these complex results, electric 
vehicle battery/ speed controller interactions must 
be considered in vehicle design. 

ONE WIDELY USED TECHNIQUE for motor speed control 
in electric vehicles is the chopper (pulse) control 

(1) **. Electric vehicle designers have comparative- 
ly little data available on battery response to the 
pulse discharges presented by these choppers in 
contrast with alternative direct current discharge. 
This investigation was conducted to obtain such 
data on a typical commercial lead-acid electric 
vehicle battery. 

The available energy and capacity of a lead 
acid battery are dependent on many factors, the 
most significant one being the magnitude of the 
discharge current, with higher currents resulting 
in less delivered capacity. It has been suggested 

(2) that discharging in a pulse mode will yield a 
greater delivered capacity from a battery than di- 
rect current. The basis for this Increase in ca- 
pacity is that after the discharge pulse, the off- 
time period in each cy'le will allow additional 
discharge due to various recovery phenomena. It is 
possible, however, that the actual power and energy 
output from the battery will decrease in a pulse 
discharge mode. 

In view of the current efforts to develop ef- 
ficient, cost effective electric vehicles, it is of 
great practical interest to quantify these effects. 
Experiments were therefore undertaken to determine 
delivered battery energy and power at various peak 
to average current levels. The parameters being 
investigated are representative of values encoun- 
tered in electric vehicle operation. They are peak 
discharge currents of 200, 300 and 400 A and av- 
erage values of 100, 200 and 300 A at frequencies 
of 50, 100 and 500 Hz, as displayed in table I. 

EXPERIMENTAL PROCEDURE 

The batteries used in these tests were Willard 
132.5-A-hr, 6-V, lead acid electric vehicle batter- 
ies. These separate batteries were studied at each 


test condition to check reproducibility of the data. 

Ampere hours were not measured during battery 
recharge because it was not an experimental require- 
ment. Recharging to the same state of charge every 
charge is a highly uncontrollable process. The 
charger was set to 2.40 V/cell and the current was 
allowed to vary. The initial current was 23 A 
tapering to 3 A as the cell voltage approached 
2.40 V. Ambient and electrolyte temperatures and 
specific gravities were recorded before and after 
each discharge. A 75-A constant current discharge 
drain was carried out 1 hour after each discharge 
experiment to remove the remaining capacity of the 
battery. The pulse and direct-current discharges 
were terminated when the average battery voltage 
reached 5.10 V. A direct-current discharge at 100 A 
equal to the average value of the pulse discharge 
rate was performed before and after each group of 
tests for the baseline comparison. 

The apparatus used was a chopper simulator 
shown in block diagram form in figure 1. It con- 
sists of transistors in the Darlington configuration 
as the switching device driven at appropriate vari- 
able pulse width and frequency (pulses per second). 
The discharge energy was dissipated noninductive in 
the transistor module itself, mounted on a water- 
cooled heat sink. The pulse peak was set on the 
oscilloscope and the average current was adjusted 
by the duty cycle to obtain the desired value. 

These values were monitored and held constant 
throughout the test. 

The batterv voltage and current pulses (via a 
noninductive shunt) were monitored on a calibrated 
dual-beam oscilloscope and traces photographed at 
the beginning and end of each chopper discharge test 
on each of three replicate batteries. V s , the 
steady battery voltage during the pulse current draw 
was measured to 43 percent. The pulse current^ mag- 
nitude, Ip, could be set within +3 percent. V, the 
average battery voltage, was monitored by an inte- 
grating digital voltmeter (1DVM) placed directly 
across the battery terminals with an_accuracy of 
40.1 percent. The average current I, was read 
across the shunt with an IDVM capable of averaging 
the signals faithfully over the range of frequencies 
Involved with an accuracy of +0.1 percent. 


♦Revised version of CONS/1044-1, NASA TM-73834, en- 
titled Response of Lead-Acid Batteries to Chopper- 
Controlled Discharge: Preliminary Results, by 

Robert L. Cataldo, published in February 1978. 
**Numbers in parentheses designate references at end 
of paper. 
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Figure 2 shows a typical oscilloscope trace of 
the chopper simulator discharge. The trace for each 
test condition was used to set I at the desired 
value and to measure V s and T.^the period between 
pulses. All the other quantities vere taken from 
the IVDMs . 

The initial power output, P^, obtained at the 
fully charged state and the final power output Pf, 
obtained at the end of the discharge time t(hr) to 
the 5.10-V cutoff, were calculated from eq. (1) 
using the appropriate measured quantitites. 


I V„ 


( 1 ) 


The average power output during the discharge, 
P, was obtained from eq. (2). 


P + P 

p . J, It 


( 2 ) 


The average energy delivered, E, from eq. (3) 

I - P t (3) 

and the average capacity C from eq. (4) 

C » I t (4) 

Energy and capacity were also measured by an inte- 
grating W-hr and A-hr meter. The values obtained 
were approximately equal to those obtained by equa- 
eqs. 3 and 4. 

RESULTS 

Tables II, III and IV summarize the numerical 
results of the experiments for the various pa- 
rameters and compares them to the constant current 
discharge (dc) at the same average current. For 
100 A average current (table I) significant differ- 
ences in energy and power output can be seen with 
varying peak to average current ratio as shown in 
figures 3(a) and (b). The energy output at a 400 A 
peak pulse is approximately 25 percent less than at 
constant current. The 300 and 200 A peak pulse re- 
sult is a 22 and 18 percent loss in energy output, 
respectively. Similar decreases in power output are 
observed. Since the energy curve follows the power 
curve, one can conclude that pulsing the battery did 
not Increase the available battery capacity to off- 
set the lots in power attributed to the high peak 
pulses. This does not hold true, however, for 
higher average current levels. 

Tables III and IV summarize the results for 
average values of 200 and 300 A, respectively. It 
should be noted that pulse discharging at these av- 
erage current levels can offer greater energy output 
over the nonpulsed case, but with some loss in power 
output attributed to pulsing. This is illustrated 
in figures 4(a) and 5(a) where the Increase in en- 
ergy output is shown. The additional energy obtain- 
ed by pulsing at the 400/200 A peak to average ratio 
at 500 Hz amounted to 22 percent and the 400/300 A 
peak to average ratio at 100 Hz yielded 44 percent 


Increase over the direct or nonpulsed case. This 
reversal of energy versus power at the higher cur- 
rent levels results from greater capacity being ob- 
tained by pulse discharging in these cases. This 
contrasts with the 100 A average case where less 
capacity was obtained by pulse discharging (3). 

Figure 6 shows the percent increase or decrease 
in capacity obtained at the various peak to average 
current ratios against frequency. Pulsing at a 
400^200 peak to average current ratio increased the 
battery's capacity 28 percent and the 400/300 case 
increased capacity 40 percent. This increase in 
capacity obtained by pulsing overcomes the expected 
decrease in energy output associated with pulse dis- 
charging. 

Figure 7 shows the optimum operating conditions 
for maximum battery energy output. This was ob- 
tained by picking the greatest energy output at each 
point for both the pulse mode and direct mode and 
plotting as a function of average current. The 
pulse curve crosse . the direct current curve at 
160 A average current. THis means that for optimum 
range in a vehicle from the viewpoint of optimizing 
the battery the chopper controller should be oper- 
ating when average currents higher than 160 A are 
needed. This would be during acceleration and high 
speeds. However, at current drains below 160 A, 
typically cruise, the controller should be bypassed 
and direct current discharge used. It is evident 
from the plot of energy output against frequency at 
various peak to average currents (fig. 8) that the 
frequency of the controller at 300 A average current 
should be about 100 Hz, while at 200 A average cur- 
rent 500 Hz or perhaps even higher should be used. 
Pulsing at a frequency of 50 Hz at any current level 
provided less energy output and controllers should 
not be used in this range. 

Figure 9 shows the thermal behavior of the bat- 
tery during tests. As expected, the electrolyte 
temperature rise is greater with increasing peak 
currents. In the 100 A average case the 400 A peak 
pulse resulted in a temperature rise of 130 percent 
over direct discharge, and in the 200 A average case 
the 400 A peak pulse resulted in a 140 percent rise 
and a 40 percent rise was noted at the 300 A average 
level. These temperature Increases are consistent 
with the losses associated with the higher peak 
currents . 

Two batteries failed during the testing at 
100 A average current and were replaced. Another 
battery failed at the start of the 200 A tests. 

From this experience one can conclude that pulse 
discharging may have a detrimental effect on the 
cycle life of the battery. This effect will be 
studied in greater detail in the near future. 

CONCLUSIONS 

Pulsing is not an efficient means of discharg- 
ing at 100 A average current as stated in the pre- 
liminary results (3). However, the results at high- 
er average currents prove that pulsing can be an 
efficient method of discharging. Despite the great- 
er loss in power output because of the I^R heating 
losses for higher peak pulses, (figs. 3(b), 4(b) 
and 5(b)), pulse discharging in these limited tests 
yielded greater capacity under certain conditions: 
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1. 400/200 peak Co average current ratio at 
500 Hz or above, and 

2. 400/300 peak to average current ratio at 
100 Hz. 

The complication of these results for electric 
vehicle chopper-controller design is that it may be 
desirable in order to maximize batter energy effi- 
ciency to vary frequency with average current level. 
As an example, 400/300 and 400/200 current ratios 
may be used at 100 and 500 Hz or greater, respec- 
tively, during acceleration and higher current de- 
mands, while direct current used for moderate de- 
mands during cruise. 

REFERENCES 

1. Morrison, John J.: Electronic Control of 

Battery Elect-lc Vehicles. Radio Electron. Eng., 
vol. 42, no. 2, Feb. 1972, pp. 91-100. 

2. Jayne, Marcel G.: The Behavior of Lead-Acid 

Batteries Under Pulsed Discharge conditions. Pre- 
sented at the 10th International Power Sources Sym- 
posium, (Brighton, England), Sep. 13-16, 1976, 

pp. 1-12. 

3. Cataldo, Robert L. : Response of Lead-Acid 

Batteries to Chopper-Controlled Discharge: Prelim- 

inary Results. NASA TM-73834, DOE CONS/1044-1, 

Feb. 1978, pp. 1-8. 


uf * age & 

‘ QUALITY, 


Cataldo 


3 


‘ 'HIGINAL page is 
UF POOR QUALITY! 


TABLE I. - PULSE DISCHARGE TEST PARAMETERS 


Group 

Peak Current 
( amperes ) 

Average 

Current 

(amperes) 

Frequency 

(Hz) 

1 

400 

300 

200 

100 

50 

400 

300 

200 

100 

100 

400 

300 

200 

100 

500 

2 

400 

300 


200 

50 

400 

300 


200 

100 

400 

300 


200 

500 

3 

400 



300 

50 

400 



300 

100 

400 



300 

500 


TABLE II. - RESULTS OF TESTS AT 100A AVERAGE CURRENT, 
GROUP I, AVERAGES WITH AVERAGE DEVIATIONS 
FOP. THREE REPLICATES 


Frequency 

(Hz) 

Peak 

Current 

(Amperes) 

Average 
Energy 
(Watt Hrs ) 

Average 

Power 

(watts) 

Average 
Capacity 
(Amp Hrs) 

Temper- 
ature 
Rise (°C> 

500 

400 

525 

♦ 

8 

470 

4 

7 

112 

4 

8 

20 

500 

300 


a 

fa 


a 

H 

119 

4 

8 

15 

500 

200 


a 

BS 

54 0 1 ♦ 

D 

im 

n 

CT 

10 

100 

400 

513 

4 

* 


n 


SB 

R 

EX 

22 

100 

300 


a 

m 

490 

4 

7 

104 

4 

6 

16 

100 

200 


a 

D 


n 

D 

104 

4 

3 

11 

50 

400 


a 

D 


ESS 

110 

4 

2 

19 

SO 

300 


a 

D 

490 

i 

7 

105 

* 

3 

15 

50 

200 

565 

* 

9 

538 

* 

10 

105 

* 

4 

11 

D.C. 

100 

712 

± 

83 


a 

B 

m 

n 

19 

10 

















































































TABLE III. - RESULTS OF TESTS AT 200A AVERAGE CURRENT, 
GROUP II, AVERAGES WITH AVERAGE DEVIATIONS 
FOR TWO REPLICATES 



TABLE IV. - RESULTS OF TESTS AT 300A AVERAGE CURRENT, 

CROUP III, AVERAGES WITH AVERAGE DEVIATIONS 
FOR TWO REPLICATES 



Figure 1. - Block diagram of chopper simulator 
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TIME, ms 

Figure 2 - Typical oscilloscope trace of the chopper sim- 
ulator discharging a lead acid battery at a 400 A. Peak 
current with a 100 A. Average current at 500 Hz. 
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(b) AVERAGE POWER DELIVERED 
VS PEAK TO AVERAGE CUR- 
RENT RATIO. T- 200 A IN ALL 
CASES. 
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Figure 4. 
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Figure 6. - Effects of frequency on capacity at various peak to 
average current ratios. 
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Figure 7. - Optimum operating con- 
dition for maximum battery energy 
output. 
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Figure 9. - Temperature rise versus peak to average 
current ratio. 


